Abstract: Anchoring parts of technical systems are often damaged due to the heavy forces acting on these systems during their operation. For that reason, various modifications are suggested and created on the anchoring screws, which should help to reduce the mechanical stress values in a place of the first load-bearing thread of a female screw. For the determination of stress fields on the surface of a plane model of a threaded joint, two non-contact optical methods were used -conventional transmission photoelasticimetry and modern digital image correlation.
Introduction
The influence of a notch effect on the threaded joints belongs to the most important, as well as the most negative, features occurring during fatigue loading of constructions and machines. In a case of a screw and a female screw (Fig. 1 ) at the transition of cylindrical part of screw into head (area A), a thread run-out (area B), a thread (area C) and a thread of screw in a place of the first load-bearing thread of a female screw (area D), belong to the crucial construction notches. Fig. 1 The areas of the construction notches in a threaded joint.
In areas of the construction notches, stress concentration occurs. At static loading, it is characterized by the theoretical shape stress factor σ α , which is defined as a ratio between the maximal stress in a place of the notch and the nominal stress. Thread (area C) is represented by a number of subsequent notches, so the stress concentration factor is smaller than that occurring in one notch of the same shape, because the neighboring notches decrease the local curving of the tension stress field lines.
The biggest notch factor, σ β , occurs in the screw thread, in the place D. It is caused by the stress distribution in the screw thread, which is markedly changing in a part of the thread cooperating with the first threads of the female screw. The change of stress distribution is evocated by a non-uniform force distribution appearing in particular threads of the screw (Fig. 2) , due to a different deformation of the screw and the female screw. The first thread of the female screw and its corresponding screw cross-section is loaded the most. This results in the biggest notch effect, occurring in the first load-bearing thread, caused by a loading from a force flow in the screw shank as well as a local bending of the most loaded mentioned thread. According to Fig. 2 , the first female screw thread transmits approximately 1/3 of loading force and the notch factor is of a value from 4 up to 8. Moreover, a plastic deformation as well as an impression of the first meshing threads of the screw and the female screw can appear upon tightening of the female screw with a higher tightening torque [1] . Fig. 2 Non-uniform distribution of forces in the female screw threads.
The notch factor σ β , for a screw thread, is dependent on the mechanical properties of a screw, the technology of its manufacturing, the face, the shape of a thread profile, the type and the height of the female screw. To ensure the minimal value of the notch effect in a normalized thread, it is necessary to decrease the relative loading of the first and the second thread and to ensure the best quality of its face next to its profile root. An increased threaded joint fatigue strength can be realized by some constructional modifications, which result from the change of the female screw deformation strength in a surrounding of the first threads in such a way, that its cross-section area is decreased and the conditions for its bending opening are thus created. For illustration, we introduce three loaded threads with decreased stress caused by the constructional modification of the female screw. A creation of the notch in a female screw causes a decreasing of the stress in its first threads as well as an increasing of the stress in the other ones, loaded by a lower force. Fig. 3 The force flow distribution occurring in a female screw without modification (left) and with a notch (right).
Fig. 4 displays a prototype of the female screw M56 with a created notch, which the authors used for the anchoring of a large metallurgical system [2, 3] .
During operational loading in a real threaded joint, a triaxial state of stress occurs. Currently, the numerical modeling methods are used most frequently for stress analyses in the areas with a high stress gradient. However, they are relatively challenging in regard to a correct definition of the boundary conditions. For the experimental examination of a suitability of the suggested constructional modification, the authors used a simplified thread joint model, which does not consider tangential stress. The aim of the proposed methodology should be a verification of the results obtained by the finite element method via the optical methods of mechanics. 
Stress analysis using transmission photoelasticity
Transmission photoelasticimetry is an optical method suitable for the stress fields' analyses of the optically sensitive models at a static or a dynamic loading. By transmission photoelasticimetry, the measurement is realized using a light falling perpendicularly on the surface of optically sensitive plate. The stress distribution can be observed via analyzer by an analysis of the color fringes, which provide some prompt information about their full allocation as well as of the areas of high stress gradient. A quantitative stress analysis can be performed with optical compensator attached to a polariscope. For the experimental investigation a polariscope Model 060 from Measurements Group, Inc., was used. Besides a realization of accurate measurements of stress in chosen locations, this type allows also wide range of applications within a full-field stress analysis. It can be used for a prompt determination of nominal stress, stress gradients and general stress distribution, including identification of overloaded and lightly loaded areas. A successful application of this characteristic known as a full-field interpretation is dependent on a recognition of isochromatic fringe order according to the color and the understanding of the relation between a fringe order and a stress amount. General photoleastic patterns commonly signify the necessity of corrective steps for a prevention against failure and pursuant to them, some material from the investigated object is often removed and thus its weight is reduced. A full-field image of stress distribution can identify the overloaded areas indicating a failure. On the other hand, there are some areas with nearly zero stress. Small changes in an object shape allow stress redistribution that eliminates the stress concentration, whereby a part of loading is transmitted from the overloaded to the lightly loaded areas. The photoelasticimetry provides to erudite experts some general information unreachable by blind stress measurement in a point [4] [5] [6] .
During measurement, a photoelastic model is located in a working space of a polariscope and as a result of an action of force, the color fringes are observed (Fig. 5) . If the photoelastic model is loaded, the principal stresses create an adequate optical effect, which is manifested by the creation of the isochromatic fringes. Observed fringe order is adequate to principal stress difference. This linear dependence can be described by the relation
where N is the fringe order (observed birefringence), C is the stress-optical constant of a material of the model, t is the thickness of a model and Equation (1) for the shear stress can be expressed in a form
where m ax τ is the maximal shear stress (acting in a plane perpendicular to the model plane) in an appropriate point.
It is essential that the value of principal stress difference or the value of maximal shear stress in the model can be simply obtained by the determination of fringe order and its multiplication by -1 Ct . In technical practice, there are a lot of cases, when it is obvious that the stress state is uniaxial with the zero stress For a two-dimensional model analysis of a plane state of stress, an optically sensitive material, the PSM-1 was chosen. It is a polycarbonate material, which is tough, easily processable and has an excellent transparency. It is suitable for manufacturing of models without creep or edge effect and with a very good photoelastic optical sensibility. The properties of the used PSM-1 material are present in Table 1 . By a sequential loading of the model, the color fringes (isochromatics) appear in locations with high stress levels and expand to the locations with low stress levels. Isochromatics are the geometrical locations of points, along which the difference of the principal stresses ( 1 σ , 2 σ ) remains constant. When using a specified achromatic light, the photoelastic fringes appear as a series of successive and sequential heterochromatic fringes, in which each fringe represents a different birefringence order. The color of a singular fringe identifies specifically the birefringence or the fringe order (the stress level) along this fringe. In case we accept the stability of the order in which the colors appear, for a visualization of the stress distribution, the photoelastic fringe pattern can be read like a topographic map. The fringe patterns are caused by the change of a constructive and a destructive interference between the light beams with a delay or a phase shift in the photoelastic model. The transition values of relative delay produce the transition values of light intensity. The specified achromatic light, in general used for the full-field interpretation of fringe patterns, consists of all the wave lengths of the visible spectrum. The relative delay, which causes a decay of one wave length (color), in general does not inhibit the others. In case each color in the spectrum is gradually inhibited according its wave length, due to the increasing birefringence, the examiner can observe an additional color. The entire color order for the PSM-1 material with a thickness of 9.5 mm is presented in Table 2 ., whereby for each color, the relative delay as well as the fringe order, is introduced.
For the stress analysis, it was necessary to design a simplified model of the threaded joint, which corresponds as much as possible, to the real conditions and can be used for experimental investigation using optical methods. The simplified model of the analyzed threaded joint consists of two parts, whereby the essential principles of similarity theory were used for their design. The division of the material was realized via water jet technology, in order to eliminate a possibility of the residual stresses appearing on the model boundaries.
Experimental measurements were realized by a loading of 50 N, 100 N, 150 N, 200 N and 250 N. The value of the loading tension force, acting on the inner part of the model, was recorded via the strain indicator Vishay P3. The outer part of model, presenting the female screw with a notch, was supported in its lower part to prevent its moving by acting of the applied force. A view on the measuring string can be seen in Fig. 6 . Fig. 7a depicts an unloaded model of the threaded joint located in the working space of the polariscope. If the model is loaded and the loading is consequently increased, at first the fringes appear in locations with the maximal stresses (Fig. 7b) . During the next increase of a loading force, some new fringes appear and the older ones are transferred to the locations with lower stress (Fig. 7c) . After that, the same process is repeated until the state of maximal loading is reached (Fig. 7d) . From the stress distribution (Fig. 7d) , it is clear, that the levels of reduced stresses in a surrounding of the first threads are lower than the stresses observed on the threads of the model gross section, which is due to the creation of the notch. The mentioned increase of stress levels is not dangerous in regard to the safety of the threaded joint. It is also interesting that the stress fields' distribution is not absolutely symmetric. It is caused by the construction of both parts of the threaded joint (a relative displacement between the threads on the left and the right side of the model about one half of the thread height).
The process of stress quantification in a chosen point on the model boundary is depicted in Fig. 8 . Fig. 8 Readout of the fringe order in the analysed point.
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Stress analysis using digital image correlation (DIC)
The stress analysis of the plane threaded joint model was also performed using digital image correlation method. The principle of the image correlation systems is based on a comparison of digital images (called correlation), during a loading process of the analyzed object [7] [8] [9] . This comparison is not made on the whole images, but on small image elements called facets. To avoid the correlation of non-corresponding parts, it is necessary to create on the investigated object a surface with a random black and white pattern with high contrast, so that each facet comprises a part of black as well as white color and thus becomes unique. 
where 0 g , or 1 g represent the illumination parameters [10] . Analogous to the human vision, by assembling two lightly shifted 2D images, a 3D image is perceived. While the displacements of the object points are determined via a comparison of the object contour during the object loading, the strain is obtained by the analysis of the local facets used in correlation process.
For the measurement, the correlation system Q-400 Dantec Dynamics, consisting of two cameras with the maximal resolution of 5 MPx (2452x2056 px) with the Schneider Kreuznach objective lens, made in Germany, was used. The data transfer to the notebook with the Istra4D control software is ensured by a high-speed serial bus with an IEEE 1394 interface. As the cameras do not dispose of any internal memory, the transfer of the snapshots, directly to the notebook, is made using an external FireWire800 CardBud card with the data transfer speed of 800 Mbit/s. Synchronization of the cameras is ensured by a TU-4XB bus, which the cameras are connected with using coaxial cables with a BNC connector. An output from the software is in a form of the object contour, displacements and strains obtained in each modal point of a socalled virtual grid. A version of the Istra4D program, used for the experimental investigation, does not allow depicting of the stress fields, therefore for their determination, it is necessary to post-process the measured data.
The measurement itself was realized using a two-camera correlation system with the resolution of 2148x2000 px. As the aim was to capture the whole surface of the analyzed specimen, it was necessary to locate the cameras into a distance of ca. 850 mm off the object surface. An angle, which they form together with the specimen, was set in such a way, that the distortion of lenses was as small as possible (Fig. 10) . Fig. 10 Measuring string used by the measurement via DIC method.
The size of the random speckle pattern, which was printed on a vinyl foil and attached to the object surface, was adjusted to the distance between the cameras and the object, whereby the maximal speckle size was approximately 500 μm. Such way of random pattern creation was used and proven in several contributions of the authors, e.g. [11, 12] , because the speckle size can be simply adjusted to the measurement conditions and in consideration of the elasticity of the foil, which totally copies the object surface, it is not a problem to perform measurement even in places with plastic deformation. To ensure optimal lighting conditions a powerful source of spotlight was used. The view from one of the cameras, on the analyzed object with created speckle random pattern, can be seen in Fig. 11 . The measurement was realized under the same conditions as by the use of the transmission photoelasticimetry. The specimen was loaded, in sequence, by the tension forces of 50 N, 100 N, 150 N, 200 N and 250 N, whereby the digital images captured during such loading were compared with the one captured in a state without loading. The camera calibration, by which the correlation system gains data about the inner (focal length, principal point location, tangential and radial distortion level) as well as outer (relative location and rotation of the cameras) parameters and can determine the distance from the object and its size but also remove the objective distortion, which is evident also from Fig. 11 , was realized by a checkered calibration target with 9x9 black and white fields (Fig. 12) , with a size of 11 mm. The facet size used for evaluation was adjusted to the size of the speckles in the random pattern [13] . By the facet size of 11x11 px, the system evaluated approximately 119,000 facets on both images. The obtained data were imported into the Q-STRESS v.1.0 program, developed at the authors' department, which allows the calculation and visualization of the stress fields in a form of the normal stresses, the shear stress, the principal stresses as well as according to Guest's Stress, Saint-Venant's Stress and von Mises Stress Theory [14] . In Fig. 13 , the Guest's Stress field (corresponding to the difference of the principle stresses obtained by transmission photoelasticimetry by the loading of the inner threaded joint part with tension force 250 N) is depicted. Fig. 13 Field of equivalent Guest stresses on the whole object surface by the loading force of 250 N obtained by digital image correlation.
In order to determinate the values of Guest Stress, as accurately as possible via digital image correlation, it was necessary to use all the cameras ' resolution on a smaller part of the specimen. For that reason, the measurement was repeated at the same boundary conditions, however the cameras were located closer to the model (into a distance of ca. 360 mm) and oriented on the area depicted in Fig. 14 . As can be seen, also the random speckle pattern created on the object surface was changed to a finer one, to avoid a massive loose of a spatial resolution in the area of the threads, caused by non-adjustment of the speckle size to the facet size.
In this case, the cameras were calibrated using a calibration target with the field of 4 mm size. The facet size was adjusted to the speckle pattern, which was again printed on a vinyl foil, to ensure that each facet comprises a part of black as well as of white color. By the facet size of 15x15 px used for evaluation, 46746 facets were correlated on the analyzed model part.
The Guest Stress field, obtained by the maximal loading using Q-STRESS v.1.0, is depicted in Fig. 15 . Although the gap between the threads contact faces is smaller than in the first measurement performed via DIC, neither in this case, they were not completely correlated. The reason is that by the use of two-camera system, the views from cameras are mutually turned by an angle, one form the other. The use of a single camera, with a 2D correlation system and a set very small facet size could be a solution, but still not a perfect one. However, in that case, it is necessary to configure the camera in such a location that its image plane would be parallel with the model surface and ensure the plane strain of the model during its loading. If these conditions are not fulfilled, also a small deviation can cause a significant error in the evaluation process, if the camera is located pretty close to the model, as it is in this case. Appropriate attention should be paid to correlation errors, which increase with a decreasing facet size [15] [16] [17] . 
Stress analysis using finite element method
A finite element method forms the basis in the design and modelling of the physical phenomena in various engineering disciplines. It is a computer method assigned to the solution of real engineering problems such as stress analysis, vibration analysis, flow, electromagnetic or thermal loading [18 -20] .
By the manufacturing of the real threaded joint model a clearance between the threads of the screw and the female screw appeared due to the use of water jet technology of dividing. For that reason, in the first phase of a numerical modelling, the influence of the clearance between the threads of the screw and the female screw on the results of the stress analysis was assessed The finite element model with the boundary conditions, equal to these ones used in experimental investigation, was submitted to a static analysis with the loading force of 250 N. By the mentioned analysis, the model was divided into a mesh of finite elements with maximal element size of 6 mm with a refinement in the surroundings of the threads and the notch (Fig. 16) . The mesh was thus approximately created by 186 000 elements and 292 000 nodes. From the performed numerical analysis and the results introduced in Fig. 17 and Fig. 18 , it is obvious that the clearance between the threads of the screw and the female screw do not influence the stresses, the values of which differ maximally in 1%. The difference in the stress distribution can be observed mainly in the upper part of the notch, where the stress concentration can be found on a bigger area by the use of the model without the clearance. 
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Discussion of the obtained results
A quantitative comparison of the Guest stresses determined by DIC method and FEA was realized in the chosen points, labeled by the numbers from 1 to 20 (see Fig. 15 ), in which the values of Guest stress, given in Table 3. and Table 4 ., were acquired. The courses of the mentioned Guest stress values are depicted in Fig. 19 and Fig. 20 . The values of Guest stress determined by transmission photoelasticimetry were also compared to the results mentioned 
CONCLUSION
The contribution is devoted to a proposal of methodology for the verification of the Guest stress distribution in a simplified model of the threaded joint, using two non-contact optical methods -a transmission photoelasticimetry and a digital image correlation. In the analyzed model made from optically sensitive material, the notch was created with the aim to relieve the first load-bearing threads of the threaded joint.
The full-field experimental stress analysis confirmed a good agreement with the results acquired by numerical modelling using the finite element method, when the maximal difference between determined Guest stress values was approximately 8 %. Although the transmission photoelasticimetry method allows relatively rapid summary of the stress distribution on the analyzed specimen surface, the result of the analysis is still in a form of Guest stress. On the other hand, the use of digital image correlation requires longer time, associated with the creation of the necessary random speckle pattern on the object surface, the calibration of cameras and correlation of the images, but it allows visualization of normal stress, shear stress, principal stress as well as reduced stress. The drawback of digital image correlation method is a loss of the spatial resolution in more complicated parts of the contour (concretely in the area of stress concentrators). This problem can be solved using a single camera system with image plane parallel to the object surface (the need for ensuring plane strain) or by the use of the cameras with higher resolution, which allow the correlation of images with optimized facet size.
According to a comparison of the results acquired by experimental and numerical modelling, it can be stated, that the described experimental methods have a practical relevance for constructors and developers mainly from the reason of relatively fast and sufficiently accurate report about the stress fields distribution in components and structures. By the use of basic principles of model similarity, it is possible to transform the results acquired experimentally to real constructions or machines.
Taking into account that the authors ' department disposes of extensive equipment for the realization of semi-destructive residual stress analysis and the authors reached in their previous works relatively good results in the area of the stress analysis performed in the surroundings of a small hole [21, 22] , their ambition will be a preparation of the methodology for the measurement of residual stresses, using the optical methods of mechanics.
